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—...interior irradiation only,-
	
rim diffraction
included).
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Figure 23. The waveguide structure for the experiments on a CP antenna
(not to scale).
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1. INTRODUCTION
The research grant NAG 3-475 entitled "Numerical Methods for
Analyzing Electromagnetic Scattering" was awarded to the University of
1	 Illinois by NASA-Lewin Research Center on September 28, 1983.
Mr. Edward M. Rice of NASA's Lewis Research Center is the Technical
I
Officer, and Mr. Boyd M. Bane is the contracting officer. The total
amount of funds received by the University is
$74,985 • $80,009 - $154,994
to cover the period from
September 25, 1983 to November 25, 1985 (26 months).
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This report is the fourth semiannual report which covers the period
Marcl, 25, 1985 to September 24, 1985.
II. TECHNICAL PERSONNEL
S. W. Lee	 Professor of Electrical and Computer Engineering
Y. T. Lo	 Professor of Electrical and Computer Engineering
S. L. Chuang Assistant Professor of Electrical and Computer
Engineering
C. S. Lee	 Research Assistant of the Department of Electrical
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III. PRESENTATION AND PUBLICATIONS	 '^
..G
1. Professor S. W. Lee travel 4 to NASA Lewis on August 16, 1965 to
present a talk entitled "Lecture Notes on RCS: Volume I."
Vlewgr2phs of the presentation are attached here as Appendix B.
2. C. S. Lee, S. L. Chuang, and S. W. Lee, "A Simple Version of
Corrugated Waveguide: Smooth-t!alled Circular Waveguide Coated with
IWO
Lossy Magnetic Material," AP-S International Symposium Digest,
Vol. 1, pp. 303-306, .tune 19851 also presented at Seventh hnnual	 .,
Electrom&6 1 Go ,.ics Propagation and Communication Affiliates Workshop, 	 ^•
Urbana, IL, April 1985. Vl.ewgraphs of the presentation at the
AP meeting in Vancouver, B.C., are attached as Appendix C.
F
3. C. S. Lee, S. W. Lee, and S. L. Chuang, "Normal Mcves in an
Overmoded Circular Wavegulde Coated with Lossy Material," submitted
for publication to IEEE Trans. Microwave Theory_h.(See Appendix A.)
4. C. S. Lee, S. W. Lee, and S. L. Chuang, "Scattering from an
Open-Ended Circular Guide Using the Equivalent-Current Method," in
preparation, to be submitted for publication.
5. C. S. Lee, "Scattering from a Circular Waveguide Coated with Lossy
Material," in preparation, for Ph.D. thesis, Department of
Electrical and Computer Engineering, University of Illinois.
Urbana, IL, January 1986.
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3IV. TECHNICAL PROGRESS
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Abstract
Mayor Items accomplished In this reporting period aret
1. The attenuation properties of the iormal modes In an overmoded
waveguide coated with a loasy material are analyzed and submitted
for publication. The preprint of the paper Is attached in
Appendix A. It Is found that the low-order modes (which contribute
the most to the radar cross section (RCS) from a circular waveguide
terminated by a perfect electric conductor (PEC)) oAn be
significantly attenuated even with a thin layer of coating if the
coating material is not too losay. A thinner layer of coating is
required for large attenuation of the low-order modes if the
coating material is magnetic rather than dielectic.
2. The RCS from an uncoated circular guide terminated by a PEC has
been calculated and compared with available experimental data. It
Is confirmed that the interior irradatlon contributes to the RCS
much more than the rim diffraction. Thus suppressing the interior
Irradiation by coating the irterior waveguide wall or by other
means will be very effective In reducing the RCS from the
PEC-terminated guide, especially for a large value of a/A W) at a
small Incident angle.
3. For the calculation of the contribution from the rim diffraction,
we have chosen the equivalent-current method based on the
geometrical theory of diffraction ( GTD), and the RCS's with the
inclusion of the rim-diffraction contribution are compared with the
t
t
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experimental data of the RCS from an uncoated guide terminated by a
PEC. The agreement improves significantly with the inclusion of
the rim-diffraotion contribution. Especially, the term from the
rim-dlffractlon conti •lbutlon accounts well for the fine features of
the RCS.
I
^.	 We are planning for experiments on the RCS reduction from a coated
circular &tilde terminated by a PEC and the detailed schemes for the
experiments are included in this report.
5.	 As shown In the previ pus report [1], the wavegulde coated with a
lossy magnetic material has been suggested as a substitute fie the
corrugated wavegulde. The experiments to verify the theory are In
progress and the details of the experiment are Included.
Details are explained below.
(1) Normal modes in an overmoded circular wavegulde coated with lossy
material_
The normal modes In an overmoded wavegulde coated with a lossy
material are analyzed, particular l y for their attenuation properties as
a function of coating material, layer thickness, and frequency. When
the coating material Is not too lossy, the low-order modes are highly
attenuated even with a thin layer of ooating. rhis coated guide nerves
as a mode suppressor of the low-order nodes, which can be particularly
useful for reducing the radar cross section ( RCS) of a cavity structure
such as a het engine Inlet. When the coating material 13 very lossy,
f
1
f	 S
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low-order modes fall into two distinct groups: highly and lowly
	
}
attenuated modes. However, as a 3 a (a • radius of the cylinder= i - the
free-space wavelength) increases, the separation between these two
groups becomes less distinctive. The attenuation constants of most of
the low-order modes become small, and decrease as a function of X2 /a3
See Appendix A for details.
(2) Scattering from an uncoated circular guide terminated by a PEC
Previous invec tigation has shown that the ,het intake contributes
significantly to the RCS from a modern military aircraft, and coating
the interior wall of the jet intake with a lossy material has been
proposed to reduce the RCS [2]. The first step in this research is to
investigate the RCS from an uncoated structure. For the theoretical
model, the jet intake Is approximated by a circular waveguide terminated
by a PEC as shown in Figure 1.
The RCS from the PEC-terminated guide comes mainly from the rim
diffraction and interior Irradiation. The transmitted normal modes due
to the outside Illumination are responsible for the interior
irradiation, which can be reduced by coating the .interior waveguide
wall. On tho other hand, the scattered wave from the edges and the
evanescent, modes !s not affected by the coating.
The theoretical study at the Universiy of Illnois has shown that
when a/A is not too small, the contribution to the RCS from the interior
irradiation is much larger than that from the rim diffraction [1]. The
purpose of this section is to Illustrate this point with available
experimental data and suggest that if the interior irradiation is
64
'g
t
Figure t.	 A circular waveguide terminated by a perfect electric
conductor (PEC) la illuminated by an incident plane wave.
jj
7suppressed by coating the waveguide wall, the RCS from the
PEC-terminated guide can be significantly raduced.
There are three steps in calculating the RCS from the waveguide:
i) Find the excited normal modes at the waveguide opening due to the
incident plane wave.
ii) Find the phase shifts after the normal modes are reflected from
the PEC termination and calculate the field distribution at the
waveguide opening.
III) Evaluate the radiated energy in the direction of the Incident
plane wave from the field distribution at the waveguide opening in
step (ii) above.
In step (i), the tangential field at the waveguide opening is
expanded as a sum of the tangential fields of the normal modes. The
unknown field at the opening is assumed to be that of the incident
field. In this approximation, the choice between the matchings of the
tangential electric field and magnetic field is arbitrary. The
magnetic-field matching is used in this calculation [t], [A.
Since the evanescent modes can not be attenuated by the coating,
only the transmitted modes are accounted for in order to illustrate the
effectiveness of the coating in the RCS reduction.
The transmitted normal modes interfere with one another within the
waveguide because their propagation constants are different, and the
radiation pattern is largely dependent on the waveguide length. The
r#	 Stratton-Chu formula is used along with the Kirchhoff approximation to
w^
	
evaluate the radiation pattern.
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The RCS measurements from the PEC-terminated circular guide for 7
different frequencies ranging from a/h - 0.636 to 1.882 were reported by
Brooks and Crispin, Jr. f.4]. Their report also contains the RCS
measurements from. a circular guide when the PEC termination is removed
and the guide is open-ended. These values would be approximately equal
to those from the PEC- tsrminated guide if all the transmitted normal
modes could be eliminated before baing reemitted to the outside.
Those experimental values are compared with the theoretical
calculations for which the contribution only from the interior
irradiation is taken into account in order to emphasize the importance
of the interior irradiation (Table 1 and Figures 2-8). We have made the
following observations:
1. As a/A becomes larger, ,the RCS from the rim diffraction becomes
less significant, and the agreement between the experimental and
theoretical values ( from interior irradiation only) of RCS from the
PEC-terminated circular guide becomes better. This observation
confirms our previous claim [1] that the interior irradiation from
a PEC-terminated circular guide contributes to the RCS much more
than the rim diffraction, especially at high frequency (more than
10 dB for a/ A > 1). These features are more clearly seen in
Figure 9, where the RCS's at a normal incidence are plotted as a
€
	
	
function of a/A. Note that the RCS from a PEC terminated guide at
a normal incidence is approximately equal to that from a circular
4
plate, which is ; proportional to (a^/a)=[5]. On the other hand, the
RCS in terms of the cross sectional area from the rim diffraction
does not change much with a variation of a/A. Thus as a/a
e^i
9TABLE 1.
PARAMETERS FOR THE RCS MEASUREMENTS FROM
A CIRCULAR WAVEGUIDE
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Figure 2a. The RCS ' s from a PEC -terminated waveguide
(-- experimental,- -- - -theoretical, interior
Irradiation only) and from an open-ended waveguide
(— --experimental) as a function of the incident angle
(HH polarization, a - 3.137 cm, f - 6.08 GHz, a/a - 0.636,
length - 21.59 cm).
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Increases, the difference between the RCS's from the Interior
Irradiation and the rim diffraction becomes large.
2. At a large incident angle, the rim diffraction contributes
significantly to the total RCS, and the coating may not be as
effective as in the case at a small incident angle, especially for
a small value of a/A.
From above results, we conclude that suppressing the interior
Irradiation by coating the interior waveguide wall or by other means
will be very effective in reducing the RCS from the PEC-terminated
guide, especially for the case with a large value of VA W) at a small
incident angle.
3) Thf RCS from an uncoated guide terminated by a PEC including the
effect of the rim diffraction
Scattering from the rim of an open-ended waveguide has been studied
by many authors [6]. The simplest method would be the standard
geometrical theory of diffraction (GTD). However, the theory fails near
the caustic and the shadow boundary [7]. More extensive calculations
using the Wiener-Hopf technique [6] provide a better solution, but this
method can be applied only to a limited number of geometrical cases. To
improve the solution of the GTD near the caustic and the shadow
boundary, the equivalent-current (EC) method based on the GTD was
suggested [8-91. It has been reported that the EC method is valid only
near the caustic [10-11] or near the normal incidence to the edge [12].
The purpose of this section is to Illustrate that the EC method is
valid not only near the caustic but also over a wide range of the
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Incident angle, umLng a simple example of the scattering from an
open-ended circular guide. One noticeable advantage of this method !s
that this technique can be extended to problems of arbitrary shape with
relatively simple mathematical manipulations.
First, we evaluated the RCS from an open-ended circular guide usitg
the EC method, and compared the results with available experimental data
and another known method (Wiener-Hopi) [13] (Figures 10 and 11). The
agreement Is good except for the cases of HH polarization at a large
Incident angle. We speculate that the discrepancy in this case is due
to the second-order diffraction. This possibility is now under
Investigation. In fact the EC solution is almost identical to the
simple version of the Wiener-Hopf solution [14], which also shows such a
discrepancy.
Fortunately, in our problem the contribution to the RCS from the
rear edge of the cylinder becomes large and the error due to the
second-order term from the front edge would not be too critical for the
case of HH-polarization at a large incident angle (Figure 12a). On the
other hand, the contribution from the back edge is much smaller than
that from the front edge for VV polarization (Figure 12b).
Using the first-order EC method [8], we have added the contribution
from the rim diffraction to the RCS from the interior irradiation
(Section (2)). The agreement of the theory with the experimental data
is improved significantly. Especially, the fine wiggling features of
the RCS can be mostly accounted for (Figures 13-19).
As demonstrated in Section (2), the rim diffraction does not
contribute much to the total RCS compared to the interior irradiation.
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However, if the transmitted modes due to t-he outside illumination can be
attenuated by the coating, we expect the contributions from other than
the interior irradiation, e.g., the rim diffraction, will be significant
enough to affect the overall RCS. Thus, we have to include the effect
of the rim diffraction in our zalculation when comparing our analysis
with future experimental data of the RCS from a coated guide. Further
details are given in Section (4) below.
(4) The outlines of the proposed experiments for the RCS reduction from
a circular waveguide coated with lossy material
The RCS from the het intake is mainly due to the rim diffraction and
Interior irradiation. The main goal of our reseerch is to reduce, as
much as possible, the interior irradiation from the het intake. One way
to achieve this goal is to coat the interior wall of the ,het intake with
a lossy material. Once the wave is transmitted from thR outside
illumination, the wave will attenuate as it propagates through the
interior of the het intake before it scatters back to the outside.
For our theoretical model, we approximate the het intake by a
cylindrical waveguide terminated by a PEC. From the theoretical study
at the University of Illinois, the following results are obtained:
1. The interior Irradiation from a circular waveguide terminated by a
PEC contributes to the RCS much more than the rim diffraction (more
than 10 dB for a/A > 1).
2. A very lossy magnetic material is suggested for coating at low
frequency (a/A> 1). With a layer thickness less than 1% of the
radius, the RCS from a 7-radius-long circular waveguide (a/A - 1.2)
i
t
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terminated by a PEC can be reduced by more than 10 dB over a broad
Incident angle, using the best coating material reported in the
literature.
3. At high frequency (a/A > 3), the modal separation between the
highly attenuated and the lowly attenuated modes occurs if the
coating material is too lossy. This is not desirable in the
application of the RCS reduction because the unattenuated normal
modes will Cause a large RCS in a certain incident angle. With the
modal, separation, increasing the coating thickness would not help
much to reduce the RCS because the atten gation constants of the
normal modes do not change much with the coating thickness in this
limit. Therefore, at the high frequency, the coating material must
be less lossy than that at the low frequency. Using the less lossy
material for the ooat.ing, some high"order modes do not attenuate
much and a much thicker layer is required for those modes to
attenuate considerably. However, the RCS for a small incident
angle is mainly due to the low-order modes. Since in most
practical applications, the RCS reduction is required only for
small incident angle, the coating layer does not have to be thick
to get a desired RCS reduction.
The purpose of the proposed experiment is to verify our theoretical
predictions of the RCS reduction from a circular waveguide coated with a
lossy material. Since the behavior of the normal modes in the lossy
waveguide depends strongly on the value of a/4, the lows- and high-
frequency cases should be treated separately.
t
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Low-Frequenoy Casa
1. The low-frequency case is defined when the field distributions of
f
the normal modes do not change much due to the coating inside the
waveguide.	 The suggested value of a/A is 1.2, e.g., a - 3.95 em
and f - 9.2 GHz.	 Any combinations of a and A will be acceptable as
I
far as a/A is close to 1.2.
2. The coating near the opening of the waveguide must be gradual to
i
prevent any mode conversions from highly attenuated modes to lowly
attenuated modes.	 The detailed geometries of the waveguides are
i
shown in Figure 20.	 Two different coating thicknesses for each
waveguide with a tapered coating are suggested.	 Thus we need five
cylinders, one empty guide and four coated waveguides.	 The coating
thickness T is approximately given by T/a - 1 - 2 % depending on
the available coating material.
i
3. The coating material must be very lossy and magnetic, e.g., Crowloy
BX113 (er
 - 
12-J0.144,	 u r - 1.74-J3.306) [151.
4. The scanning angle should be from e - 0 * (normal Incidence) up to
6 - 45' at least.
5. The anticipated results of the RCS reduction from our theoretical
calculation are shown in Figure 21.	 Using the best material
(Crowloy BX113) that we can find In the literature, more than 10 dB
RCS reduction is achieved over a broad incident angle for both VV
and HH polarizations with a coating thickness of T/a - 1 x.	 Note
that as the Interior irradiation is reduced by the coating, the rim
i
diffraction becomes significant enough to affect the overall shape
of the RCS.
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Figure 21 b. The RCS's as a function of the incident angle from a
PEC-terminated circular waveguide coated with a lossy	 .^
material (Crowloy BX113, - 12-J0.144, v 	 1.74-J3.306)
with a coating thickness of T - 0, 0.025 cm (0.6% coating) 	 ~`
and 0.05 cm (1.3% coating) (a - 3.95 cm, f - 9.2 GHz,M	
a/A - 1.2, length - 26.46 cm, HH polarization,
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	 --- - interior Irradiation only,	 rim diffraction
Included)s
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IHighoFrequency Case
1. At this frequency, the change of the modal fields due t
coating is significant. The suggested value of a/A is
a - 10 cm and f - 10 GHz. Any combinations of a and A
acceptable as far as a/A is close to 3.3.
2. The geometries of the waveguides for the proposed exper
the same as those of the low frequency case as shown F1 6w 	 Aa
in the low-frequency case, we need five cylinders, one empty guide
and four coated guides. V a - 1 - 3 % depending on the available
coating material.
3. The coating material should be magnetic and less lossy•than that of
the low-frequency case, e.g., Poly-2,5-dichloro3tyrene (Cr - 7.30
Pro 	 1157.
4. The scanning angle is 6 - 0 - 45%
5. The anticipated results of the RCS reduction from our theoretical
calculation are shown in Figure 22. The RCS for the small incident
angle (< 10') is reduced significantly even with a thin layer of
coating. However, increasing the coating thickness does not help
to reduce the RCS as much as in the lowmfrequency case. This
indicates the sign of the mode separation between the lowly and
highly attenuated modes. For the RCS reduction over a larger
incident angle, a thick layer of coating with a less lossy coating
material is suggested. Note that the rim diffraction does not
affect the overall RCS as much as in the low-frequency case. This
J
	
	 confirms our previous statement (Sections (2) and (3)) that the rim
diffraction become q
 less si&nificant for a , larger value of a/A.
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Figure 22a. The RCS's as a function of the incident angle from a
PEC-terminated circular waveguide coated with a 1033y
material (poly-2,5-dichloro3tyrene, - 7.3,
µ • 0.91 -J0.32) with a coating thickness of t - 0, 0.1 cm 	 #
0% coating) and 0.3 cm (3x coating) (a - 10 cm,
f - 10 GHz, a/A - 3.33, length • 60 cm, VV polarization,
----interior  irradiation only,- rim diffraction	 Tt f
included).
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Figure 22b. The RCS's as a function of the incident angle from a
PEC-terminated circular waveguide coated with a lossy
material ( poly"2,5-dichloro3tyrene, - 7.3 ►
N - 0.91-J0.32) with a coating thicknass of t - 0, 0.1 cm
(1x  coating) and 0 . 3 cm (3% coating) ( a - 10 cm,
f - 10 GHz, a/ A - 3.33, length - 60 cm, HH polarization,
----interior  irradiation only, --- rim diffraction
included).
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(5) Experiments on a waveguide coated with very lossy magnetic material
as a substitute for a corrugated waveguide
To produce circularly polarized (CP) radiation, an open-ended
corrugated wavegulde is commonly used. Since the corrugated waveguide
Is expensive and heavy, it has been suggested that the wavegulde coated
with a lossy magnetic material be used as a substitute for the
corrugated waveguide (See Appendix C). In this reporting period, we
have proceeded to perform experiments to verify oar Vneory.
There are two requirements for a coated guide to be a successful CP
antenna: The coating material must be magnetic and lossy, and a/A must
be sufficiently large.
The first step in these experiments is to produce a relatively pure
TE 11 mode in an overmoded waveguide. Since it is easy to generate a
pure TE 11
 in a waveguide with a small radius, we made a waveguide as
shown in Figure 23, which has a smooth transition between the regions of
small and large radii. The waveguide consists of a few pieces so that
four different sets of waveguide can be assembled without repeating the
difficulty in making the pieces at the transition region.
We are in the process of testing those sets of waveguide, and
eventually we are going to measure the effect of the waveguide size on
the radiation polarization.
(6) Conclusions and future prospects
In this reporting period, the previous theoretical results are
4 confirmed with available experimental data, and the
f:
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experiments to verify our theoretical predictions have been proposed. 	 o,
We summarize our progress as follows:
1. The analysis of the normal modes in an overmoded wavegulde Is	 ..
complete. These findings are very useful for the further research
on the RCS reduction from a waveguide with a large value of a/A.
2. It has been confirmed with available experimental data that the
r .
interior Irradiation contributes to the total RCS much more than
the rim diffraction, especially for the case at a small incident
angle with a large value of a/A.
3. The theory for the rim diffraction Is formulated and the
theoretical calculations with this theory are In good agreement
with available experimental data.
4. It has been theoretically predicted that the interior irradiation
can be reduced significantly by coating the waveguide with a lossy
magnetic material. The coating material must be less lossy for a
larger value of a/A. Experiments to verify these findings are
proposed.
5. A waveguide coated with a very lossy magnetic material has been
suggested as a substitute for a corrugated waveguide. Experiments
for this possibility are in progress.
Our objective in this research is to achieve a large RCS reduction
from a cavity structure with the following conditions: (1) The structure
does not have to be long, and (2) the thin layer of coating is effective
over a wide range of frequency.
As indicated in the previous report, the coating thickness must
Increase gradually from the opening to the inside of the waveguide to
:e
t
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prevent any undesirable mode conversions from highly to lowly
attenuating modes. The properties of the wave propagation at the
transition region are to be investigated in the near future to make the
transition length as short as possible.
We have found that the coating with a single layer is effective for
the RCS reduction over a certain range of frequency. Double layers of
coating are suggested so that the thin coated layer is effective over a
wide range of frequency.
Eventually, we will expand our research to more realistic cases
where the structure does not have to be a circular waveguide.
The details of the further studies are in the proposal attached in
Appendix D of this report.
I
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APPENDIX A
NORMAL MODES IN AN OVERMODED CIRCULAR WAVEGUIDE
COATED WITH LOSSY MATERIAL
The preprint of this paper was submitted for publication to IEEE
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NORMAL MODES IN AN OVERMO:. T' TRCULAR WAVEGUIDE
COATED WITH LOSSY MATERIAL*
C. S. Lee, Student Member IEEE, S. W. Lee, Fellow IEEE,
and S. L. Chuang, Member IEEE
ABSTRACT
The normal modes in an overmoded waveguide coated with a loony material are
analysed, particularly for their attenuation properties as a function of coating
material, layer thickness, and frequency. When the coating material in not too
loony, the. low-order modes are highly attenuated even with a thin layer of
coating. This coated guide serves as a mode suppressor of the low-order modes,
which can be particularly useful for reducing the radar cross section (RCS) of a
cavity structure such as a jet engine inlet. When the coating material is very
loony, low-order modes fall into two distinct groups: highly and lowly atte-
nuated modes. However, as a/A (a o r_4ius of the cylinder; A - the free-space
wavelength) increases, the separation between these two groups becomes less
distinctive. The attenuation constants of most of the low-order modes become
small, and decrease as a function of A2 /a3
This work was supported by NASA contract NAG3-475.
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1. INTBOnUCTION
In many applications, it is desirable to line the wall of a conventional
circular waveguide by a layer of dielectric or magnetic material. With proper
design, the lining can significantly alter the modal fields in the waveguide, so
as to achieve either less attenuation or more attenuation for certain modes.
The past studies of this problem are mostly connected with microwave/infrared
transmission over a long distance (1J - (5). Two assumptions are usually made:
(1) The waveguide diameter is very large in terms of wavelength
(overmoded waveguide); and
(2) The coating material is either nearly lossless [2) - [4j or very
lossy (5).
These assumptior:, simplify the theoretical analysis and oftentimes bring out a
clearer physical picture. Nevertheless, in many practical situations, these
assumptions are too restrictive. A more general analysis of the coated circular
waveguide is needed.
It is the purpose of this paper to fill in this need. Instead of using the
perturbation theory [2J, [3], [5), transmission-line model Ill - [4) or asymp-
totic theory [6), we solve the modal characteristic equation of a coated
circular waveguide exactly by a numerical method. This is feasible because of
today's fast computers and efficient subroutines for calcular_:nq Bessel func°-
tione with a complex argument.
The organization of the paper is as follows: First, an overview of the
normal modes in a coated circular waveguide in comparison with those in an
uncoated waveguide is presented. In Section III, the exact characteristic
w
equation for the normal modes in a circular waveguide coated with a loasy
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material is given. Three types of normal modes, i.e., the inner mode, the our-
face mode and the interface mode, are discussed, along with their approximate
3
solutions. Numerical rriults and potential applications are discussed in
Section IV.
t
II. OVERVIEW OF MODAL FIELDS IN A COATED CIRCULAR WAVEGUIDE
Before presenting detailed numerical results, it is beneficial to explain
some unique features of the coated waveguide, which are absent in the conven-
tional uncoated waveguide. rigure 1 shows a circular waveguide with a perfectly
conducting wall, uniformly coated with a material of permittivity t 2 e0 and per-
meability P2 00 . Both s2 and µ2 can be complex, with their negative imaginary
parts representing material losses for the present exp(jwt) time convention.
The medium in Region I is assumed to be air, i.e., permittivity CO and per-
meability v0 . Our problem at hand is to study the normal modes in such a
waveguide.
A. Mode Classification
In an uncoated waveguide, the normal modes are either TE or TM with respect
to z. Here index m describes the azimuthal variatio.i 	 :he form of sin m^ or
cos w#, whereas index n descrit-as the radial distribution in the form of
Jm(konp ) or Jm(k onp). In the ascending order of their cutoff frequencies, the
dominant modes are
TE 11' TM01' TE21' TM 11 /TE01 , "'
When the waveguide is coated with a dielectric layer, there are no longer pure TE
or TM modes. The nodes are commonly classified into HE mn and EHIDn modes in such
a way that, in the limiting case of a vanishingly thin coating (7),
IDn	 IDS'i }
	 and	
El{mn + TMmn
i
F,
Region a
A
x
T
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Figure 1.	 A coated circular waveguide.
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There exist three special cases where HEmn(EHmn) becomes identically or approxi-
mately TEmn(TMmn ), namely,
(i) circularly symmetrical modes (m - 0) such as TE On and NO
(ii) all modes at frequencies near their cutoff frequencies (8), (9),
and
(iii) the low-order modes in an overmoded waveguide coated with a lossless
material, (in this limit HEmn + Man 	 and EHmn ' TEmn)'
B. Cutoff Frequencies
Near the cutoff frequency, the normal mode is either quasi TE or TM. In
Figures 2 and 3, we plot the cutoff frequencies f c 's of the normal modes in a
coated circular guide as a function of layer thickness T. f  is normalized with
respect to fco , which is the cutoff frequency of the dominant TE 11 mode in an
empty guide of radius a, and is given by
1.84118 c
fco	 Aa
where c is the speed of light in free space. Figure 2 shows the modal inversion
between the TM 01and TE21 , which has been previously reported (8], (9).
However, the modal inversion between those two modes is not evident if the
coating is of a magnetic material (42 • 1) instead of a dielectric material
(Figure 3). Coating reduces the cutoff frequencies of the normal modes, espe-
cially for the magnetic-coated waveguide. This is due to the fact that, with
coating, the modal field distribution tends to concentrate near the air-material
interface. Note also that the degeneracy between the TM 11and TE01 modes near
their cutoff frequencies is not removed by the dielectric coating (see Appendix
1), but the degeneracy can be removed by tho magnetic coating. The near
degeneracy of the TE 01 mode with the TM 11 mode in a dielectric-coated guide can
68
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	 The cutoff frequencies in a dielectric-coated waveguide ( 60 ` 10,
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Figure 3.	 The cutoff frequencies in a magnetic -coated waveguide (02 w 10,
e2 - 1) normalized to that of the TE 1 1 mode in an empty guide (fco)
as a function of coating thickness.
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cause a serious problem for a long -distance communication utilizing the lowly
attenuating TE01 mods because there may be a large mode conversion due to a
strong coupling between these two modes (2) - (4). The magnetic coating can be
very useful in this application.
C. Modal Propagation Constant and Power Distribution
When the coating thickness is small in terms of the fro* -space wavelength
(t/A « 1), the modal field distribution in the air region and the propagation
constant are not much perturbed. As the coating thickness is increased in the
manner
?/A + •, for a fixed value of a
the low-order modes approach, one by one, their counterparts in the parallel-
plate waveguide. More precisely, the HE mn modes in a coated circular waveguide
approach those modes in a parallel -plate waveguide formed by a perfect magnetic
conductor (PMC) and perfect electric conductor ( PEC) as sketched in Figure 4a.
The EH., modes approach those modes in a parallel-plate waveguide formed by ttso
PEC's as shown in Figure 4b.
The propagation constant k  and modal power distribution of the dominant
X11 mode in a guide coated with a lossless dielectric material ( c2 n 10,
U2 1) are shown in Figures 5 and 6. When the coating thickness is small
(t'/A • t/A2 < 0.05, where A2 • A/ 6 - • wavelength in Region II), the trans-
verse wave number kpl in Region I defined by
kpl • k^-k
is real, where k0 • 2w/A, and both propagation constant and its power-intensity
distribution are very similar to those of an empty guide. When the coating
thickness t in much larger than 0.05 A2, kpl is imaginary and its magnitude
L
ooted Circular Guide
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Figure 4.	 Mode transition in a coated circular guide at the high-frequency 	 d
limit. T'ne HEmn modes approach modes in a PMC-PEC guide, and the
EHmn approach modes in PEC-PLC guide.
^l
1"-	 2 .
ZOQ
oZ i.s
.fly
Q	 ^•
c^
d0	 .s
"'^ PMC-PEC
Guide
----------- C,
	
----
Empty Guide
k
b
. .	
4
a
4
o:
W
m
DZ
W
Q
3
J
_Q
C!^
Q
a:
e0
ss
s0
4i
40
sC
s0
2S
20
is
10
s
0
6.9
(o)0	 72
N
0.	 .2
Imoginnry
-' ! 	 (PMC-PEC
3 ,'	 Guide)i
,%'—Imaginary
Real
0.	 .2	 .4	 46
i	 .a	 c
COATING THICKNESS — r
Figure S. a) Normalised propagation constant and b) radial wave number (kpla)
of the HEll mode in a dielectric-coated waveguide (e2 - 10,0 2 = 1)
as a function of the coatin thickness in "effective" wavelength
(TI• T^/X). The power distributions for the four marked
points a a shown in Figure 6. The approximate solution of the sur-
face mode using the two-slab model is also shown ( see Section III).
i
i
{9
73
01	 ( I ) 	 . 01
N.^	 T' = 0
2
W
2 oos	 .00sH
acWj
A.	 0.
D.	 A	 1.	 C.	 1
ss	 75	 .25	 7S
F!
.131
(3)O`	
r'= 0.264
r	 ,
ZWZ cos
H
o:W
3
o.
o.	 s
2s	 . 7S
RADIAL DIST ( p /o)
.01
.00s
o.
as	 .7s
RADIAL DUST ( p /o)
Figure 6.	 Normalized angle-averaged power distribution in watts/A2 as a func-
tion of radial distance in a dielectric-coated waveguide (e2 = 10,
02 = 1) with four different coating thicknesses. The corresponding
points for these diagrams are marked in Figure S (t' = t e^ Z Z2/A).
r
f
74
approaches k0 c2"2- " Consequently, the modal power distribution is largely
concentrated in the dielectric layer (Region II). In Figure 6, the total power
carried by the HE 11 mode is normalised t(, 1 watt. In case (4) of Figure 6, more
than 99X of the power is confined in the dielectric layer, despite the fact that
the dielectric layer 0.06 < a/a < 1) covers only 12% of the waveguide cross
section.
Figures 7 and 8 are similar to Figures 5 and 6 except that the coating
material ire magnetic (u 2 a 10 and c2 0 1). It is most interesting to observe
that the transition point where k  becomes imaginary occurs at a such smaller
coating thickness ( t n 0.05 A2 in Figure S and t a 0.005 
,2 in Figure 7). Thus,
in applications where large field concentration in the material layer is
desired, the magnetic coating is more effective (more discussion is given in
Section IV).
It is worthwhile to note that the normal mode at the transition point is
not TEM even though the radial wave number vanishes ( see Appendix 2). Thus,
both the hybrid-mode method and the techniques for TEM modes fail to provide the
modal fields at the transition point. Only the direct method as discussed in
Appendix 2 is applicable in this case.
D. Transverse-field Distribution
The transverse fields of the five lowest-order modes in an uncoated circular
guide and in a coated (dielectric and magnetic) circular guide at the cutoff
frequencies and the high-frequency limits are shown in Figure 9. The TE (TM)
modes in a circular guide at the cutoff frequencies do not have transverse
magnetic ( electric) fields, which are not shown in the diagrams. We notice that
the nonvanishing fields at the cutoff frequencies are similar to those in an
uncoated guide. At high frequency, the fields are confined within the coated
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of the HEll mode in a magnetic -coated waveguide ( U2 - 10,e2 - 1)
as a function of the lining thickness in "effective" wavelength
(T'	 TE	 /X). The power distributions of the four marked
points are shown in Figure 8. The approximate solution of the sur-
face mode using the two-slab model is also shown (see Section III).
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region, as shown in the diagrams where the blank space indicates that the fields
are negligible.
III. MODAL CHARACTERISTIC EQUATIONS, FIELDS AND CLASSIFICATION
The general problem is shown in Figure 1. Here both the permittivity
t2z0 and permeability U2 00 of the coating material are allowed to be complex.
The characteristic equation for the propagation constant k  of a normal mode is
well known (101, (111, and we list the final expression, which is solved numeri-
cally using Muller's method (available in International Mathematical Statistical
Libraries subroutines):
2	 ,	 F1(a)F3(s)kpl [F 1 ( a) - E2	 F3 a
kpl
k ] ^F 1 (a)
F1(a ) F4(a) kpl
- P2
	 F4 a	 k
- (kzm/(k0a ) 1 2 F2 (a) (1 - ( kpl /kp2 ) 2 J 2	 0 (la)
where
kPl 
+ kz 	 k0 (lb)
kp2 + k 
	
E2u2k0(lc)
F 1 (P) - Jm( kpl p)	 ,	 F1 (P) Jm(kpl 0) (ld)
F3 (P) - Jm(kp2 p) Nm(k p2b) - Nm(kp2 p) Jm(kp2b) (le)	 AY
F3 (P) - Jm ( kp2 p) Nm(kp2b) - m(kp2 P) Jm(kp2b) (lf!
F4 (P) - Jm ( kp2 p) Nm(kp2b) - Nm( kp2 P ) Jm(kp2b) (18)
F^(p)	 - J^(kp)	 N m (k	 b)4	 m	 p2	 m	 p2 - N m (k	 p)m	 p2 J^(k	 b)m	 p2 (lh)	
t
1
•t
f
•	 P
S	
I
1,
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I
	 Here kPI and kp2 are the radial wave vectors of regions I and II, respectively;
w is the angular frequency; k0 n 2w/X; and a and b are the radii of the air
region and the conducting cylinder, respectively. J m
 is the Bessel function and
N  is the Neumann function of order
	 The prime indicates differentiation with
respect to argument. The modal fields are given by
Ep n -I(Akz/ko) F 1 (P) + (Bm/k pl P) F 1 (P)J cos m4	 (2a)
EpI 
-[(Ckz/k2 ) F3 (0) + (Dm/kP2P) F4(P)J cos mm	 (2b)
EO	 [(Akzm/( kok,,P)) F 1 (P) + BF1 (P)J sin m#	 (20
EoI	
I(Ckzm/( k2kp2 P)} F3 (P) + DF4 ( P)J sin mm	 (2d)
EZ n -j(Akpl /kO ) Fl ( P) cos mm	 (2e)
EZI n -j(Ckp2 /k2 ) F3 ( P) cos m+	 (2f)
Hp' -Yo[(Am/kp1 P) F 1 (P) + (Bkz /kO ) Fl ( P)J sin mm	 (2g)
HpI n -Y2 [(Cm/kp2 P) F3 (P) + (Dkz/k2 ) F4 (P)J sin mm	 (2h)
H^ n 
-YO IF I ( P) + (Bkzm/( kok pl p)) F 1 ( p)J cos map	 (20
HI^I	
-Y2 [CF3 ( p) + (Dkzm/( k2kp2 p)) F4 (0)1 cos m#	 (2j)
Hz
 n -jYO ( Bkpl /kO ) Fl ( p) sin m#	 (2k)
HII n -jY2 (Dk p2
 A ) F4 (P) sin mm	 (21)
The convention of exp [ j(wt - kzz ) J is understood and omitted; superscripts
I and II indicate Regions I and 11 tFigure 1), and subscripts p, f and z indi-
cate the radial, angular and propagation -directional components of the fields,
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respectively; k2 z^ kO ; and YO is the free-space admittance,e^ and
Y2 a YO E2 1j2. A, B, C and D are the constants, which are determined by the
boundary conditions and the normalization requirement. Those constants are
related by
C • A t^ kp1 F 1 (a)/(kp2F3 (a))	 (3)
D • BY2kp1 F 1 ( a)/Ik p2F4 ( a)1
	 4)
B - k0kPl a(F 1 (a)/F 1 (a) - e2kPi F^W /{kp2F3(a)H
A2	 (m	 0)	 (5)kzm( l - (k ;41 /k
	 1
H
B
	
<< 1 for "quaci" TM inodes )it
Equation (5) can also be written as
A	 kOkPl&[Fi(a) /F1(a) - 'r2kPAN'(a)/(kp2F4(aM
	
-	 (m * 0)
	 (6)
B	 kzm ( 1 - (kpl /kp2)2)
^ A, << 1 for "quasi" TE modes)
and the elimination of A and B from Eqs. (5) and (6) gives the characteristic
equation (Eq. (0). There is no mode coupling between the TE and TM modes for
m • 0. Thus, A • 0 and B • 1 for the TMOn modes, and A • 1 and B • 0 for the
TEOn modes. We note that there are two degenerate modes for each angular mode
index m except m • 0. In the above expression of the fields, we have
i
arbitrarily chosen one of those two modes.
There are three types of normal modes in an overmoded waveguide coated with
	 j
• E	 1
t
k	
a lossy material. The properties of these modes are explained below along with
k, F1
t	 the approximate propagation constants and field distributions.
4
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A. Inner s
When the coating material is sufficiently lossy and a/X is large, most of
the low-order modes become inner modes. The field distributions of these modes
are mostly confined in the air region. In the limit as s/A becomes infinite,
the characteristic equation is simplified to
(F1(a)/F1 ( 8))2 - (m/x ) 2 • 0	 (7)
where
x a kPla
The solutions of this equation are
i
Jm_1(x0) 0 for EHmn	(8)
Jm,`I N0) 0 for EH-mn 	(9)
i
Superscript HS indicates the notation by Marcatili and Schmeltzer. This
superscript is used to distinguish this notation from the conventional notation.
In this case, the field distributions are also simplified. Equations (6) (or
equivalently Eq. (5)) in this limit becomes
3	 A/B w +1 for EHmn
A/B a -1 for ERMS
l
an% the modal fields in the air region are given by
3
EP -BJ
m_ 1 (kpOp) coo mm , HP - -YOE4
^.	 E	 BJ _ (k+ P) sin m^ ,	 H 0 YOE
^	 m 1 PO	 ^	 P
rT
i
(10)
(11)
(12a)
(12b)
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EZaHza0
	
for EHMS	 (12c)
EP a -BJm+l (kpOp) cos m0 , HP W -YOEO
E4 a
-BJm+1 (kpOP) sin mo , HO n YOEP
EzaHza0
(13a)
(13b)
for CH MS	 (130
mn
where
k+PO 0 xO/a , koO 0 xO /a
Here x+0  x- are given in Eqs. (8) and (9), respectively, and B is a constant.
The fields in the lossy region are vanishingly small. The field diagrams of the
EHMS
 and EHMn modes in the air region are shown in Figure 2 in Reference (2).
mn
When a/A is large but finite, the attenuation constants of the normal modes
are small and the fields decay very rapidly from the interface to the lossy
layer. In this case, the asymptotic forms of the Bessel functions can be used
for the field functions in the lossy region. The characteristic function of
Eq. (1) in this approximation is then simplified to
(xF l (a) /F 1 (a)] 2 + jx(xF 1 (a)/F 1 (a))(kol /k02 )( e2 + v2)
- m2 - x2 e2 1A2 (kp1 /it )2 ` 0	 (14)
where x w k01a
Suppose x . xO
 + Ax where xO
 is the solution as a/X becomes infinite.
Taking the first-order terms in k Pl /kp2 of the above equation, the attenuation
constant is given by
rk
r'n	 j
r A
€	
Cmn 2 A2 Re (v )
^mn Y C'^	 n
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(1Sa;
where
a2/ e2 uf'i= T
	
for TMOn modes (m - 0)
	
(1Sb)
vn ' u2/ e257
	
for TEOn modes (m - 0)
	
(1Sc)
(e2 + M2 )/ e2 u^' for 9%MS and EH MS (m 0)
	
(1Sd)
Here Emn is the solution of
JO(EOn) - 0	 for TMOn and TEOn modes (m - 0)
	
(1Se)
Jm-1 (Cmn ) - 0 for
Jm+1 "mn ) - 0 for
EHMS modes (m M 0)
EH 
MS 
modes (m • 0)
(1St)
(1Sg)
This is almost the same as the result of Marcatili and Schmeltzer except that
the coating material is not restricted to a dielectric but can be magnetic as
well.
For the first-order approximation of the attenuation constant with m t 0,
we neglected the last term of Eq. (14). Even though ! :his term is of the second
order in k p1 /kp2 , the coefficient ix2 e2 112 1 can be a large number for the higher-
order modes. Thus we expect that the agreement between our exact solution and
the first-order solution requi:. a larger value of a/X for a higher-order mode
(more discussion is given in Section IV).
H. Surface Mode
When the coating material is not losey enough, some of the normal modes
become surface modes. The fields of those modes are confined within the thin
f84
layer of the coating and the propagation constants are nearly independent of the
inner radius a. When s/A is sufficiently large, the characteristic equation is
approximated to
{1 + t2 j7
 
pl cot(kp2 T)I[1 - U2 K	 tan (k p2 t)] n 0	 (15)
P2	 P2
where t is the layer thickness, b - a. Assuming sk p1 1 >> k0 , we obtain
Ic2 U2k0 - {{n - 	 */t}2 
1/2j	 for T%^	 (17)
k n
s	
1/2
[11C2U2ki - ( n^/t) 2 ^	 for TEm;	 (18)
where n • 1, 2, 3, ...
a,	 1
_
s	
4
d
i
Superscript su indicates the surface mode. The fields in Region II in this
limit can be approximately shown to be
EP • C1 cos kp2 (b - P)
	
(199)
EZ • -jC 1 ( kp2/ks ) sin kp2 ( b - p)	 (19b)
H4 • C 1Y2 ( k2 /ks ) cos kp2 (b - p)	 (19c)
E, n
 It • Hy a 0	 forTM^	 (19d)
E^ • D1 sin kp2 (b - p)	 (20a)
Hp • -D1 Y2 (kZ/k2 ) sin kp2 (b - p)
	
(20b)
HZ	 -jD IY2 ( kp2/k2 ) cos kp2 ( b - p)	 (20c)
Ep EZ • H^ 0	 for TEmn	 (20d)	 °t
:t
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r
where C 1
 and D 1 are constants. Thus the TES mode can be approximated by a nor-
mal mode between two PEC slabs and theTh ou
 mode by a normal mode between PMC
and PEC slabs. The correspondence between the normal modes in a thinly coated
waveguide and the surface modes is not unique but depends on the type of
coating material. When the coating material is lossless, the HE mn (Elimn) modes
become TMou ( TEmu ) (except m • 0) as the layer thickness increases. The normal
modes with m • 0 are pure TE or TM as indicated in Section 11.
C. Interface Mode
There exists an "interface" mode, which is unique to the waveguide coated
with a lossy material. The interface toode has large fields near the interface
between the air and lossy regions, and the fields decay uxponentially to both
sides of the interface. Since the fields are limited to the interface region,
the attenuation constant is independent of the radius of the waveguide. M a/A
is sufficiently large and the coating material is sufficiently lossy, the char-
acteristic equation for the interface mode is well-approximated to
0 + e2kP1/kP2)(1 + p2kP1/kp2) • 0 	 (21)
The propagation constants are then evaluated to be
k0 [(E2 - c2 02 )/(s2 - 1) 1 
1/2
	
for
	
TMln	 (22)
k •Z	 1/2
 [ kO1(N2 - t2 N2)/(v2 - 1)1 	for	 TE in	 ;13)
The modal fields are given by
Ep - C2 expf jk pl ( a - p)1 ,
	
EIII ' (C
2/t2 ) expl-ja^ (P - a)1	 (24a)
E I	 — (k p1 A ) E 	 ,	 Ei 1 - — (k p2 A ) Ep1	(24b)
r
G
H86
H^ n (YDkoA Ep	 , HOI n (Y2 k2A EpI 	(24c)
for TMin
E^ • D2 expl jk Pl (a - P)) . E;I 	D2 expl- jk P2 (P - a)1
	
(25a)
H_
 (Y0
	
) 9 1	 , Hp1 	 -( Y2kzA ) EOI 	^(25b)
Hi	 ( YDkPI NO ) E'	 , H! I 	(Y2kp2 /k2 )Ev
I
	(25c)
for min
where all other field components vanish and C 2 and D2 are constants. Here
superscript in indicates the interface mode. From the above results, we can see
that the interface mode is well-approximated to the normal mode on the surface
of a semi- infinite losey material.
There exist two interface modes at most. The fields of the interface mode
decay rapidly to both sides of the interface. The conditions for the interface
mode to exist are easily recognized from Eqs. (24) and (25) to be
Im(kpl a) >> 1
	
(26)
and
-Im(k02 T) >> 1	 (27a)
Using the boundary conditions at the interface, Eq. (27a) can be rewritten
equivH . ontly either
-:m ( kP1 t2 T ) >> 1	 for TM in	
(27b)
or
-Im(kPIO2T) >> 1	 for TE ln
	(27c)
L___
r	
87
Thus for dielectric coating. only TH in of the two modes can exist, and only the
TEin mode can be excited in a waveguide coated with a magnetic material.
IV. NUMERICAL RESULTS AND DISCUSSION
A. Lossless Coatin:
z
When the coating material is lossless, the normal modes in the overmoded
coated waveguide become surface waves as the layer thickness increases, in the
order of HEW EH
al l NSm2# EH21 ... (m • 0) and SHOP HEO P EH02' HE02 1 •••
(m - 0) (4). These features of the normal modes are shown in Figure 10
(Figure 11) for a dielectric (magnetic) coating, where the radial wave numbers
are plotted as a function of the layer thickness. The large imaginary part of a
complex radial number indicates that the modal field shifts to the waveguide
wall and the mode behaves as a surface mode. Note that the HE 11 in the
magnetic-coated guide becomes a surface mode with a much thinner coating layer
than that in the dielectric-coated guide. Otherwise, the onset of a new surface
mods occurs around every quarter-wavelength thickness as the layer thickness
increases.
B. Slightly Lossy C.atina
s
	
	 Figure 12 (Figure 13) shows the radial wave numbers of the normal modes in
a circular guide coated with a slightly lossy dielectric (magnetic) material.
The general trend of the normal mode with variation of the layer thickness
remains similar to that for the waveguide coated with a lossless material
(Figures 0 and 11). As shown in Figures 14 and 15, the mode with a large ima-
ginary part of the complex radial number of a surface-wave type has a large
attenuation constant. This is due to the fact that the surface mode has a large
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field concentration within the lossy region near the waveguide wall. It is
interesting to note that the HE 1, in the magnetic-coated guide acquires a very 	 .
large attenuation constant with a such thin.ier coating layer than that in the 	
i
dielectric-coated guide. The higher-order modes also become surface modes and
acquire large attenuation constants only at a much thicker coating layer.
C. Very Loony Coating
	 j
When the coating material becomes very loony, those features of the normal
mods* in the waveguide coated with a lossless material disappear. in fact, the
propagation constant of the normal mode is independent of the layer thickness
if the lossy layer is thicker than the skin depth of the normal mode ( Figures 16
and 17). There is a mode separation between highly attenuated and lowly atte-
nuated low-order modes. The highly attenuated modes in a dielectric -coated
guide are usually lowly attenuated coder in magnetic -coated guide and vice
versa (Figures 1S and 19). In genaral, the mode separation is less distinctive
for higher-order modes.
When a/A is large and the coating material is lossy enough, most of the
low-order modes are inner modes which are mainly confined in the air region and
the attenuation constants are small. Harcatili and Schmeltzer (SJ evaluated the
attenuation constants using the perturbation theory under the assumption that
a/A is large and the fields within the loony region are small ( see Section III).
Figure 20 shows the comparison of the exact solutions with the approximate solu-
tions by Marcatili and Sch*aeltzer for the attenuation constants of the normal
modes in a dielectric -coated guide. Here the coating thickness t is fixed whip
a/A is varied. We note that the exact and approximate solutions are in better
:w
agreement at a larger value of a/A. The high-order modes usually require a
TR	 ti
large value of &/A for good agreement between the exact and approximate solu-
tions ( see Section IIIA). This result indicates that the low-order modes become 	
.r
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the high-order modes.
Figure 21 shows the comparison of the exact and various approximate solu-
tions for the attenuation constants of the normal modes in a magnetic-coated
circular guide. Host of the low-order modes become inner modes at a large
value of a/A as in the case of the dielectric costing (Figure 20). However,
certain modes are confined near the well. The iH11 mode at a large a/A becomes
a surface mode (Section IIIS), whose fields are mainly confined within the lossy
region and have a large attenuation constant. The exact solution of the atten-
uation constant is well-approximated by the solution for the surface mode given
in Eq. (17). The existence of the surface mode in a waveguide coated with a
lossy materia l. depends on whether the characteristic equation (Eq. (16)) has a
Solution close to the value for a `urface mode (Sq. (17) or (18)). Also note
that the HE 12 mode becomes an interface mode (Section 1110 whose fields are
limited to the region near the interface between the air and lossy material.
The attenuation constant of the interface mode is well-approximated by that of
the mode on the surface of a semi-infinite lossy material. 	 The criteria for	
P
the existence of the interface modes in a coated guide are given in Eqs. (26)
and (27). Thus the attentation constant of the interface mode is not as large
as that of the surface mode but much larger than that of the inner mode
(Figure 21).
In Figures 20 and 21, the mode names in the parentheses for the inner modes
correspond to the mode names by Marcatili and Schmeltzer (S), where the field	
..
diagrams of those modes are also shown. The surface mode does not exist when 	 _ a
the lossy layer becomes infinitely extended. However, the interface mode should
exist in a hollow lossy circular guide if the conditions in Eq. (26) and (27)
are satisfied.	 ..,
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D. Mode Suppressot
So far, we have seen that the attenuation properties of the normal modes in
a coated waveguide depend on the coating material, layer thickness and fre-
quency. When the coatink material is not very lossy, the attenuation constants
of the normal modes strongly vary with the layer thickness. Since each mode has
its own region where the mode :s significantly attenv ated, the coated guide can
be used as a sf-%ple mode suppresuor (12). The device will be especially useful
for eliminating low-order modes. Since low-order modes are mainly responsible
for the radar cross section (RCS) at a small incident angle from a cavity-type
structure, coating the cavity wall with a lossy material will be effective in
reducing the RCS due to the undesirable interior irradiation from the normal
modes in a cavity (13 1j, (14). to a practical de ign, the transition region bet-
ween the uncoated and coated sections of the waveguide must be long enough to
prevent any mode conversion (15).
E. CP Antenna
When the coating material is sufficiently locsy sad a/A is large, most of
the normal modes become inner modes if the coating layer is thick enough, i.e.,
thicker than the skin depths of the modal fields. Both the magnetic and
electric fields of the inner mode are small near the waveguide wall. The
IM U mode in the waveguide coated with a lossy magnetic material becomes an
inner mode at a much smaller value of a/A than that with a lossy dielectric
materiel. The boundary conditions of the HE 11 mode in this case are similar to
those of a corrugated waveguide (16] - (19); hence, this waveguide can be used
as an alternate to the corrugated waveguide to produce circularly polarized
radiation or reduce the side-lobe level. Even though the loss of the HE 11 mode
in the coated waveguide may be higher than that of a well-designed corrugated 	 b
s
w.
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waveguide, the coated waveguide is cheaper to build and lighter in weight than
the corrugated waveguide, as explained in (20).
V. CONCLUSION
The normal modes in a circular guide coated with a lossy material are
classified and analyzed, emphasizing the attenuation properties of the normal
modes. It is shown that the coating material should not be too loony for the
low-order modes to be significantly attenuated. A much thinner coating layer is
required for the attenuation of the HE 11 mode when the coating material is
magnetic rather than dielectric. The coating technique is especially useful in
reducing the radar cross section from a jet engine inleL, a subject that will be
reported by us in a future communication.
When a/A is large and the coating material is very loony, most of the low-
order modes become inner modes, which have small fields within the lossy region
and small attenuation constants. !:n interesting application of the HE 11 mode in
an open-ended waveguide coated with a very loony magnetic material is that it
can be used for circularly polarimed radiation (20).
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APPENDIX 1.
DEGENERACY BETWEEN THE CUTOFF FREQUENCIES OF THE TM11 AND TE01 MODES IN A
DIELECTRIC-COATED CIRCULAR WAVEGUIDE
At the cutoff frequency ( kz w 0), the characteristic equation in Eq. (1)
becomes
I
Jl(kCMa) ( J1(kCM2a) N1(kCM2b) - N 1 (kCM2a) J1(kCM2b))
e^ J 1 ( kCMa ) ( J I CM2a ) N I CM2b ) - N I CM2a) J I CM2b)1 0
for TM11	 (A1.1)
or
JO(kCEa) (JO(kCE2a) N0(kCE2b) - N0 (kCE2a) J0(kCE2b)l
N^ JO(kCEa) (J0 CE2a) NO(kCE2b) - NO(kCE2a) JO(kCE2b)1 - 0
for TE01	 (A1.2)
where
2Wk 	
cc fCM
	 kCM2 ' kCM e
2:r
kCE a c fCE kCE2 ' kCE =2 02
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Here fCM and fCE are the cutoff frequencies for the TM 11and TE01 modes,
respectively.
Using the recurrence relations of Bessel functions 1211, the derivative
expressions in Eqs. (A1.1) and ( A1.2) can be eliminated, and we obtain
J 1 (k MO P 0(kCM2a) N 1 (kCM2b) - NO (kCM2a) J1(kCH201
1u2 e2 JO (kCM8) - (1/ e^ - N^)/kCMa11J1(kCM2a) N1(kCM2b)
- N 1 (kC%2a) J 1 (kCM2b)) 0 0	 (A1.3)
for X11
and
J 1 (kCE8)(10 (kCE2a) N1(kCE2b) - NON CE2 &) 11(kCE2b)
V2 e2 JO (k CE a)IJ 1 (kCE2a) N1(kCE2b) - N 1 (kCE2a) J1(kCE2b)) ` 0
for TE01	(A1.4)
When v2 • 1, the two characteristic equations are identical, and the cutoff fre-
quencies of the TM 11 and TEO1 modes are the same. On the other hand, when the
coating material is magnetic ( U2 s 1), the degeneracy of these two modes at
their cutoff frequencies is not present.
r
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APPENDIX 2
i
FIELDS OF THE NORMAL MODES IN A COATED CIRCULAR GUIDE
WHEN kPl	 0 (DIRECT METHOD).
From Maxwell ' s equations, we obtain four equations for the normal modes in
a circular guide,
V x p x	 - k2 0 (A2.1a)
0 .1 • 0 (A2.1b)
First consider the case for m • 0.	 Due to the symmetry of the problem, we can
assume that
EP • RP(P) -of mm -jkxe	 z (A2.2a)
E^	 RO(p) sin mo e 
jkzz (A2.2b)
Ez	 Rz (p) cos m^ e -jkzz (A2.2c)
Since k 0 • 0, from the dispersion relation
k 	 • k0 (A2.3)
Substituting Eq.	 (A2.2) in Eq. (A2.1), three linearly independent equations are
F^ obtained:
f	 p	
dR (P)
^ [P ( ^] - m2 Rx (P) • 0 ( A2.4a)
r
d
mP 75-I PR A( P) J
dRz(P)
+ m2Rp( P) - jkOp2 —dp-- • 0 (A2.4b)
ap I pRp ( p)J * mR,(P) - jk0 PRz (z) • 0	 (A2.4c)
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Solving these coupled equations, the fields in Region I (m • 0) are liven by
^,	 t
Ep (C l em+1 ♦ C2 or')cos m#
tf^	 g
(A2.5a)
EI (Clem+1 - C2Or') sin m0 (A2.Sb)
EI
z
2(m + 1) C
pm cos m#
—j0
T^
(A2.5c)
Hp .
2m(m + 1) C
-Y r Clpm*1 ♦ ^^-^ 1O l - C 2	 pm-1^ sin m#^ -.(A2.Sd)
k0
HO .
2m(m + 1) C
YO[Clpm+l -
	
2—= - C2 ) Pm-1 ] cos m^ (A2.5e)
k0
F'!I
	
	 2(m + 1) Cl m
	
a -Y0 ---ice— P sin m#	 (A2.Sf)
0
Using Eq. (A2 . 3), the fields in Region II (m • 0) are obtained from Eq. (2):
D	 0	 D m
EII^ 	 1	 2 --pG3(P) + v 	 G4(P) cos m#	 (A2.6a)P
772 	 P2
D m	 ^
EII	 1	 G3(P) + D2G4
c2 y	
( P) sin mm	 (A2.6b)
m 
EZI ' 
D
^
k
kp G3 (P)cos m#	
(A2.6c)
	
IIDim	 D2
Hp , - Y27 p G3 ( P ) +	 G4(P) sin mm	 ( A2.6d)
	
P2	 772
^ D 2 m
Y2 D 1 G 3 (P) +7
E	 k	
G4(p '1 cos m#	 ( A2.6e)
2 112 P2
p
'f
i
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D kHiI - Y2 —3 P2 G4 (P) sin m#	 W.6f 1
2
whore
G3 ( p ) - Jm(k p2 p) Nm(kp2b) - Nm(kp2 0) Jm(kp2b)	 (A2.6g)
G3 (P) - Jm( kp2 0 ) Nm( kp2b ) - Nm( kp2 0) Jm(k02b)	 (A2.6h)
G4 (P) - Jm( kp2 p ) Nm(k P2 b) - Nm( kp2 p ) Jm(kp2b)	 (A2.60
G4 ( p) - Jm(kp2 0) Nm(kp2b) - Nm(kp2 P) Jm(kp2b)	 (A2.6j)
Note that the convention of 
aj(wt - 
k0t) is understood and omitted. Here
kp2 - e2	 ti:0, and C 1 , C2 , D1 and D2 are constants to be determined by
imposing the boundary conditions at the interface between the air and material
regions. These constants are related by
G3(a) kp2D1
C l	 (A2.7a)
e^ 2(m + 1) am
02 - - u^ ^
G3(a)
^ D 1	 (A2.7b)
4
DmG (a)	 ,
(C,^ a2C1 - e2y^ + D2G4 °^) /am-1	 (A2.7c)
The coating thickness is determined by th characteristic equation,
(k a) 2	G^ ( a)	 G^(a)
+ (k p2a) G=_ e2 + G 	 - m(e2 02 + 1) - 0
	
(A2.8)
3	 4 (s)
Note that the fields are neither TE nor TM and the fields in Region I do not
show a Bessel-function dependence of radial distance.
IHsD10
where G30(0), G3O(P),
m • 0, respectively.
D20 are constants wh
HsI D20G40(0)
	
for TEOn	 (A2.10c)
G40 (P) and G40(P) are G3(0), G3 (P), G4 (P) and G4 (P) with
All other field components vanish, and C 10' C20' D10 and
ich are related by
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The fields for a 0 can be similarly shown to be
k C C
6p • '2	 p
	
it •
	
e 
y 20 G30(P)	 (A2.9a)
22
H^ • YO `p
.	
H;I
• Y062git	 (A2.9b)
Hs C10 Hst C20030(P)	 for TMOn 	(A2.9c)
and
I	 JkOD10	 II	 J D20	 ,Hp .	 P . Hp	
-	
G40(P)
	
W. 10a)
	
e2 v2 -	 ,
B^ • -tip/YO	 911 n -Y2H11 /YO 	W. 10b)
C10 • C20C30(a)	 W.11A)
D10 • D20G4O(a)	 (A2.11b)
The coating thickness for m • 0 is determined by the folloyAng characteristic
equation,
2c ^
G30(a) +	 2	 GI (a) • 0	 for TMOn	 (A2.12a)k0a c2 y2 - 1
a!
.a
M	 s
:d
.F
y
r
r'
n
}i
iii
or
2v
G40(a) * k
0 ai	
G40(a) , 0	 for T60n	(A2.12p)
The fields are either TE or TH and the fields in the air region show a linear
dependence of radial distance instead of the usual 6essel-function dependence in
the case of an uncoated guide.
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APPENDIX B
LECTURE NOTES IN RCSs VOLUME I
This set of leoturs note was presented by professor S. W. Lee at
NASA-Lewis Researoh Center on August 1E, 1965.
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EVALUATION SHEET FOR RCS LECTURE NO. 1
(1) Lecture level:
too elementary	 too high
	 11 about right
(2) Topics that I like in today ' s lecture:
11 overview	 11 physical optics	 11 both
i
I
s:
J
4	 N
rt
_	 F
S
(3) For future lectures, I'd like to see the following topics:
F] Modes in wavegui.des.
Scattering by open-ended cylinder: UI approach.
Scattering by open-ended cylin^Aer: OSU approach.
Introduction to GTD.
E]Usage of UI and OSU computer coees developed under current grants.
11 Others (specify).
(4) Comments:
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APPENDIX C
SIMPLE VERSION OF CORRUGATED GUIDE:
CIRCULAR GUIDE COATED WITH LOSSY MAGNETIC MATERIAL
This set of viewgraphs was presented at the AP meeting in Vancouver,
B.C., in June 1985.
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1. Objective
2. Numerical Results
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SIMPLE VERSION OF CORRUGATED GUIDE
CIRCULAR GUIDE COATED WITH
LOSSY MAGNETIC MATERIAL
C.S. Lee, S.L Chuang, and S.W. Lee
University of lliinols
f
F i 3. Summary
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To pr9cluce,
 a CIRCULARLY POLARIZED
MCP) Radiation
0
Corrugated waveguldw. 	
4
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3
;
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. An AL TERNA T/VE to the Corrugated Waveguide
Boundary conditions for CP radiation:
El ' ^ p lat boundary
Approximately satisfied by
the corrugated waveguide.
* Can be satisfied by a
COATED CIRCULAR GUIDE
if
11 The coating material is sufficiently Lossy,
2) The material is Magnetk,
VC
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a LOSSY MAGNETIC MATERIAL
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Advantages of the coated amide
over the corrugated guide:
K- Less expensive to build
* Lighter in weight
* Wider operating-frequency range
Disadvantage:
Attenuation may be higher than
the well designed corrugated guide.
• K
Y 4
5	 {
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APPENDIX D
A PROPOSAL FOR CONTINUATION OF ?JASA NAG 3-475,
"NUMERIACL METHODS FOR ANALYZING ELECTROMAGNETIC SCATTERING"
A Proposal for Continuation 	 158
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I. INTRODUCTION
The research grant No. NAG 3- •475 entitled "Numerical methods for analyzing
electromagnetic scattering" was first awarded to the University of Illinois ;v
NASA-Lewis Research Center on September 28, 1983. Dr. Y. C. Cho (Sept. '83 -
June 1 84) and Mr. Edward J. Rice (June 1 84 - Present) of NASA Lewis Research
Center are the technical officers. The past and proposed fundings are as
follows:
PHASE PERIOD FUNDING
I Sept.	 28,	 1983 - Nov.	 23,	 1984 $74,985.00
II Nov.	 24,	 1984 - Nov.	 23,	 1985 $80,009.00
III Nov.	 24,	 1985 - Nov.	 23,	 1986 $80,000.00
The present continuation proposal is for Phase M.
II. TECHNICAL DISCUSSION
In the past two years, we have made significant progress toward the RCS
reduction of a jet engine inlet. We modeled the inlet by an open-ended
cylindrical waveguide, and have developed a set of computer codes for calcu-
lating the RCS from the rim diffraction (11, (2) and the interior irradiation
(21, (3). Our calculated results are ire excellent agreement with experimental
data [4) (Figures 1 and 2). To reduce .,e interior irradiation, a single layer
of lossy magnetic material is employed to coat the interior wall of the circular 	 i
I
I
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^w
guide. With proper material, fa.: a very thin layer of coating can be effective
in reducing the RCS drastically for the low-frequency case. (The radius a of
	
^F
the guide is about one wavelength or less. See Figure 3.) In the coming year
(Nov. '85 to Nov. ' 86), we propose to continue our present study by carrying out
the following tasks:
t(K?
Task A. Waveguide Transition Study: At high frequency (a >> A), the modes
in a coated waveguide are divided into two distinctive groups:
• highly attenuated surface-wave modes
• Nearly unattenuated inner modes.
The key in reducing RCS is to be able to direct most incoming electromagnetic
energy from the radar into the highly attenuated surface -wave modes. Therefore,
the study of the proper wzveguide transition (Figure 4) becomes a most crucial
problem. We shall investigate this problem both theoretically and
experimentally.
Task B. Multilayered Coating: At high frequency (a > 3A), when the
,v
thickness of coating layer is less than A /4, a significant RCS reduction is
achievable only for nearly normal incidence, or more precisely, for
Ao < sin-l (U.3A/a) ,	 for a > 3A
where ?0 is the incident polar angle measured from the axis of the cylinder
(Figure 5). For a = 3.3A, for example, 9  is less than 5'. Thus, to achieve
RCS reduction over a broad incident angle at hz.gh frequencies, a multilayered
coating is necessary. In the next grant year, we will study caref:;lly the
multilayered structure in Figure 5. The inner layer is a lossless dielActric
161
layer, which is used to "attract" the incident electromagnetic energy to the
waveguide wali. The outer layer is made of a lossy magnetic material for pro-
ducing large attenuation.
a
Task C. Waveguide with Non-circular Cross Section: The use of the finite-
element method to analyze the modal field with non-circular cross section
(Figure 6) was initiated in the current grant period. Based on a variational
technique, the determination of the modal propagation constant is reduced to
#	 that of an eigenvalue. This method is applicable to a waveguide with an
arbitrary cross section with nonuniform or multilayered coatings. This effort
will be continued.
REFERENCES
[1] C. A. Chuang, C. S. Liang, and S. W. Lee, "High frequency scattering from
an open-ended semi-infinite cylinder," IEEE Trans. Antennas Propagat.,
vol. AP-23, pp. 770-776, November 1975.
[2) R. Mittra, S. W. Lee, and C. A. Chuang, "Analytic modeling of the radar
scattering characteristics of aircraft," Univ. of Illinois Electromapnetics
Laboratory, Urbana, Illinois, Scientific Report No. 74-1, January 1974.
[3) S. W. Lee, Y. T. Lo, S. L. Chuang, and C. S. Lee, "Numerical methods for
analyzing electromagnetic scattering," Semiannual Report to NASA Lewis
Research Center, Cleveland, Ohio, March 1985.
[4j H. A. Brooks and J. W. Crispin, Jr., "Comments on the RCS characteristics
of cylinders, hollow pipes, and cylindrical cavities," Conductor
Corporation Report No. 1801-2-T(0043-147), Ann Arbor, Michigan, August 1966.
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Figure 1. The RCS ' s from a PEC-tetmina f:ed waveguide (--- experimental,
— — — theoretical, interior irradiation only) and from an open-ended
waveguide (— - -- experimental) as a function of the incident angle
(HH )olarization, a a 3.137 cm, f w 15.20 GHz, a/A n 1.589,
1 0 21.59 cm).
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re 2. The RCS's from a PEC -terminated waveguide ( 	 experimental,
— — — theoretical, interior irradiation only) and from an open-ended
waveguide (— - -- experimental) as a function of the incident angle
(W polarization, a a 3.137 cm, f - 15.20 GRz, a/A m 1.589,
1 • 21.59 cm).
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Figure J.	 The RCS's (theoretical) as a function of the incident angle from a
circular waveguide coated with a lossy material (Crowloy HX113,
tr - 12 - j0.144, µr - 1.74 - j3.306) and terminated by a FEC for
layer thicknesses of T - 0, 0.025 cm (0.6% coating) and 0.05 cm
w
(1.3% coating)
	
(a - 3.95 cm, f - 9.2 GHz, a/1 - 1.2, 	 length - 26.46
cm, vertical polarization).
ago
(a)
0 The coated guide with a smooth transition of the layer
sickness. (b) Step transition, the bimplified version of (a).
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Figure 5. A waveguide coated with double layers.
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Figure 6. A waveguide with an arbitrary cross-section is divided into triangu-
lar elements for the use of the finite-element method.
